Abstract. For a proper description of growth by metal organic vapour phase epitaxy the three-dimensional Navier-Stokes partial differential equations need to be solved which govern the following series of processes: (i) transport by diffusion and flow through the gas phase, (ii) reactions which take place in this gas phase, (iii) reactions which take place at the surface. For this paper we are at first interested in the medium-and higher-temperature regions, which cover the growth determined by diffusion through the gas phase (medium temperature) and the growth that is determined by the desorption of growth species (higher temperature). Using a number of well justified assumptions one can reduce the problem to a two-dimensional one. For the diffusion-limited region (i.e. mediumtemperature region) the effect of different flow profiles (plug flow, parabolic flow, linear increasing velocity and combination of plug and linear profile) on the growth rate has been studied under isothermal conditions. It was found that all profiles yield the same growth rate within a few per cent, so that it suffices to use the simple plug flow profile in growth rate calculations. It is also shown that axial diffusion is an important effect only at the end of long reactors. Finally a model is derived in which surface reaction kinetics is combined with the diffusion-limited model for the isothermal case.
Introduction
Metal organic vapour phase epitaxy (MOVPE) is at present an important epitaxy technique for the growth of 111-V compound semiconductor materials [l, 23. Many electronic and optical devices after being demonstrated to work on a laboratory scale are now produced commercially on an industrial scale by MOVPE. Studies that have been performed over the past twenty years since the introduction of MOVPE by Manasevit [3] have dealt mainly with fundamental and technical aspects. Flow dynamics, reactor design and depletion effects have received to date only little attention, but interest is growing [4-91. As flow dynamics of vapour phase epitaxy (VPE) processes are very complex, one is inclined to study these phenomena with the help of numerical simulations [6-91. Although the graphical presentations of results obtained by these simulations are certainly instructive (e.g. the occurrence of rolls [7] ) we concentrate on analytical solutions because they give more and direct insight in the physics and chemistry of the MOVPE process.
To obtain analytical solutions one has to solve the three-dimensional Navier-Stokes partial differential equations [lo] . As this is next to impossible in general a number of simplifications have to be used. The assumptions from which the simplifications originate must be physically justified. Mathematical simplifications which are made solely for the purpose of obtaining differential equations that are simple to solve are not to be used as they generally lead to unrealistic situations.
The models that are derived are in principle generally applicable, however, they are derived here using observations made of the growth of (A1)GaAs [ 1-4, 1 1-1 51. It is found that the temperature dependence of the growth of GaAs can be divided in three temperature regions: low, medium and high. In the low-and high-temperature regions the growth rate is strongly temperature dependent. It has been suggested that in the low-temperature region surface reactions (adsorption of As and Ga species [l l]) or gas-phase reactions (pyrolysis of As and Ga species [12, 131) are growth-rate limiting. In the hightemperature region the Ga adsorption-desorption equilibrium is considered to be growth-rate limiting [ 1 1, 14,151. In the medium-temperature region growth is 026&1242/90/010016+20 $03.50 @ 1990 IOP Publishing Ltd mass transport limited by the diffusion of Ga growth species towards the susceptor [l-4, 11, 141 and therefore does not show a (or only a weak) temperature dependence.
In this series of papers [16, 171 we are mainly interested in the medium-and high-temperature regions. Before the different models are treated a thorough analysis is performed on the validity of the assumptions needed to simplify the three-dimensional Navier-Stokes partial differential equations. For the diffusion-limited region (medium temperature) first the effect of different flow profiles (namely, plug flow, parabolic flow, linear increasing velocity) is studied in the isothermal case. In forthcoming papers [16, 171 a temperature gradient will be introduced and the influence of the Soret or thermodiffusion effect will be studied. For the high-temperature region, where desorption of growth species becomes important, a similar analysis will be performed. The studies lead to an analytical expression for the growth rate over the two temperature regions considered. The theoretical results are compared with experimental results for the growth of Si, GaAs and AlGaAs grown within the two temperature regions [17, 181.
Problem definition and assumptions

Assumptions and their justification
In this section the assumptions made to simplify the solution of the three-dimensional Navier-Stokes partial differential equations are physically justified. The analytical models will be developed for a horizontal rectangular reactor at atmospheric pressure as depicted in figure 1. The reactor is heated at the bottom and cooled at the top. A Cartesian coordinate system is used, with the x coordinate in the direction of the forced gas flow, the y coordinate perpendicular to the flow direction ( figure  2(a) ) and the z coordinate in the direction of the width of the reactor ( figure 2(b) ). Heating starts at x = 0. The height of the reactor is h and the width is b. In the reactor a susceptor is placed on which substrates are positioned. The gas phase of such a reactor can be described by the velocity profile u(x, y, z, t), the temperature profile T(x, y, z, t ) and the concentration profile for each (i, i = 1, . . . , n) gas-phase component Ci(x, y, z, t), where t denotes the time dependence. These variables can be found by solv- ing the three-dimensional Navier-Stokes, continuity and diffusion partial differential equations [lo] . These can be simplified using a number of assumptions, which are justified keeping the growth of GaAs from trimethylgallium (TMG) and ASH, in mind. The formulation of the assumptions may seem extensive; however, in the past several authors were not as careful as they should have been in formulating the assumptions on which their models were based.
Therefore it is not always clear whether the derived models are valid or not. In the derivation of the analytical models the following assumptions are used. Assumption 1. The amounts of hydrides and metal alkyls are small (typically c 1 %) as compared with the amount of carrier gas (i.c. H,). Therefore the flow dynamics are completely determined by the carrier gas. As the growth of GaAs is controlled in the diffusion-limited region by the diffusion of TMG towards the substrate only the concentration of one gas-phase component is considered. The concentration profile Ci(x, y, z, t ) can thus be simplified to C(x, y , z, t). Assumption 2. For all times t 2 0 the velocity profile ~( x , y, z, t), temperature profile T(x, y, z, t ) and concentration profile C(x, y, z, t ) at any position (x, y, z ) are independent of time, thus a (quasi) stationary situation is established. Assumption 3. Under all conditions and for any position (x, y, z ) the flow is laminar and streamlines are horizontal and thus parallel to the susceptor. Choosing the right reactor dimensions and using H, (or He) as carrier gas it is simple to obtain laminar, metastable flows for completely developed flow profiles [19] . When the gas is flowing from the cold zone (x < 0) to the high-temperature zone (x 2 0) it experiences a temperature shock, which causes the gas to expand which can lead to unwanted return flows [20]. This can be prevented by using a low reactor ( G 2 cm) and sufficiently high gas velocities (room temperature mean flow rate 10 cm S-l). Due to the temperature shock the flow profile has to be re-established. The streamlines seem to recover quickly from this shock (within 1: 1 cm) [S] . However, the velocity and temperature profiles, which are coupled, are re-established more slowly. Entrance lengths for these 17 profiles have been calculated to be x , = 0.04 h Re and xT = 0.28 h Re [19] , where x , and xT are the entrance lengths for the velocity and temperature profile respectively, Re is the Reynolds number and h the height of the reactor. This means that the temperature profile determines the dimensions of the entrance region. Assumption 4. At the entrance of the reactor, up to x = 0, the flow is laminar with an average velocity i 7 and input concentration of the group I11 component C o . Hence for all x < 0 the velocity profile u(x, y, z, t ) is independent of x , whereas the temperature profile T ( x , y, z, t ) and concentration profile C(x, y, z, t ) are independent of ( x , y, z). Assumption 5. As we are not interested in the development of the flow but in already fully developed flow profiles, it is assumed that no entrance region exists in which the profiles develop. Alternatively, one can assume that the entrance lengths of the velocity and temperature profiles are reduced to an infinitesimal size. Hence for all x > 0 the velocity profile u(x, y, z, t ) and temperature profile T ( x , y, z, t ) are independent of x . These profiles are thus fully developed, which does not hold for the concentration profile C(x, y, z, t). Assumption 6. The transport of growth species in the y direction only occurs as a result of gas phase diffusion (and thermodiffusion for the non-isothermal case). This follows directly from assumption 3. Assumption 7. For all x 2 0 the susceptor temperature is defined as T, and the temperature at the top of the reactor is defined as To. Owing to the heating up of the cold gas the gas temperature at the beginning of the susceptor will be less than T,. In practical situations one can correct this effect using pre-heating. In the present reactor set-up the susceptor temperature slowly increases until x = 6 cm and further remains constant. The entrance length of the temperature profile is of the same order, so that no extra errors are to be expected. The top of the reactor is water cooled so consequently the temperature will be practically constant ( To). Assumption 8. For all x no deposition occurs of growth species onto the top of the reactor. In the present reactor, however, deposition does occur. Analysis of the deposited layer shows that it mainly consists of As. Assuming that Ga growth species determine the growth rate (As is present in excess), this assumption seems correct. Assumption 9. For all x and y the velocity profile u(x, y, z, t), the temperature profile T ( x , y, z, t ) and the concentration profile C(x, y, z, t ) are independent of z. This means that either a reactor is considered of infinite width or that no deposition occurs at the side walls of the reactor. This assumption reduces the problem to a two- dimensional one. Figure 3 illustrates the validity of this assumption. The flux of growth species at y = 0 is determined by the y-component of the diffusion in the y-z plane. This flux is in general a function of z. If no deposition on side walls occurs, reflection will take place. From symmetry considerations it follows that the flux of species towards the susceptor is independent of z. A more thorough derivation is given in appendix 1. In practice deposition on side walls does take place. In appendix 1 it is shown that this effect is small; hence the growth rate over the largest part of the width of the reactor is constant. A much stronger effect is seen in the corners of the reactor. For the present reactor (width 5 cm, height 2 cm, length 25 cm) this effect only extends a few mm inwards from the edges of the reactor. The effect of side walls on the temperature profile is much more difficult to determine. There will always be a heat loss through the side walls. Taking this effect into account in designing the heater of the reactor, the effect can be confined to a small region near the edges. Altogether the effect of the side walls is that over typically 90% of the total width of the reactor the growth rate will be constant.
Assumption 10. For all x c 0 no deposition occurs at the susceptor, while for x > 0 homogeneous deposition takes places on the susceptor and substrates. To obtain homogeneous deposition the whole susceptor should be covered with substrates. Because of high substrate costs this will not be possible (and is not done) in practical situations. As long as the surface does not play an important role in the crystal growth process no deviations are expected. Assumption 11. Transport of growth components in the x direction (axially) only takes place because of convective ( x direction) laminar (y-z plane) gas flow. Appendix 2 treats the effect of axial diffusion in the case of a simple isothermal model. It is concluded that under normal conditions only small effects are to be expected [ S ] . Assumption 12. For all possible gas-phase reactions it is assumed that they are either very fast or very slow. Fast reactions lead to a gas phase in equilibrium. Slow reactions do not yield products of significance. If such a reaction is necessary for the crystal growth process, it will be surface catalysed.
On the basis of the above assumptions it follows that the velocity and temperature profiles are only a function of y: Y ( X , y , Z, t ) z u(y) and T ( x , y, z, t ) = V y ) . The concentration profile for one gas phase component is only a function of x and y : Ci(x, y, z, t ) C ( x , Y).
Differential equations
The concentration profile C ( x , y) is found from the continuity equation (mass conservation) or diffusion equation [lo] , which can be written in its general form as (using assumption 1)
where C,,, is the total gas-phase concentration ( = P/R,T), n E n(x, y, z, t ) the mole fraction of growth species y , z, t ) = n(x, y, z , t)C,,,), C = W , Y , z, t ) the concentration of growth species, U u(x, y , z , t ) the flow velocity, D D ( T ( x , y , z, t)) the binary diffusion coefficient of the group I11 component, aT the thermal diffusion factor, T E ( x , y , z, t ) the growth temperature, P the total pressure and R, is the gas constant.
Note that this expression is valid both in the masstransport-limited as well as in the kinetically limited regime, as surface reaction kinetics are introduced as a boundary condition. Gas-phase reactions can be included by adding at the right-hand side terms that represent the generation and annihilation of species by chemical reactions; however, this is done elsewhere [21, 22] . With the assumptions described in 52.1 from which it also follows that the total pressure P is constant (P = 1 atm in our case) equation (1) reduces to (rewriting to C ( x , y ) as variable, using n(x, y, z, t ) < 1 (assumption 1)) the following partial differential equation
with the appropriate boundary conditions:
where the flux J ( x , y ) is given by (6) The (aT + 1) terms in equations (2) and (6) originate from the fact that the total pressure P is constant, whereas the total gas-phase concentration C,,, is a function of temperature (and thus of height). In the above equations k denotes the rate constant for a reaction that is limited by surface kinetics (assumption 12) and C , the input concentration of the group I11 component. Boundary condition equation (3) represents the sudden change in the temperature profile at x = 0 (assumptions 3, 4, 5 and 10). Boundary condition equation (4) is based on assumptions 10 and 12, boundary condition equation ( 5 ) on assumption 8. Assumptions 1, 2 and 9 lead to the following definition of the growth rate R ( x ) :
The temperature profile is found from the general expression for the heat balance where p is the density of gas, c p the specific heat of gas, K the heat transfer coefficient with temperature dependence
(T(x, Y)/T',)~ and To the temperature at the top of the reactor (= T ( x , h)).
From assumption 5 (fully developed temperature profile) it follows that the left-hand term of equation (8) is zero. Solving equation (8) for the case p = 0 (no temperature dependence of the heat transfer coefficient K ) yields a linear temperature gradient in the y direction:
where T, denotes the temperature of the substrate. This temperature profile is not dependent on diffusion processes and velocity profile. The real profile does not differ much from this linear temperature gradient, as has been found experimentally [S, 191.
Diffusion-limited growth models
In this section models are derived for the regime where the growth is limited by diffusion of the group I11 component in the gas phase towards the substrate.
Surface reactions will be treated in $4. Therefore the boundary condition equation (4) is simplified to J(x, 0) = 0. Furthermore the models are derived in the isothermal case with T ( y ) = T = constant. The effect of a vertical temperature gradient is treated elsewhere [16] . It follows that thermal diffusion is automatically ignored as the temperature-dependent term in equations (2) and (6) equals zero ((slay) T ( y ) = 0). The velocity profile u(y) in this case is parabolic. It will be shown that it is possible to solve equation (2) with the parabolic profile in the isothermal case. As this is rather complicated, we first derive simpler models that use increasingly better approximations of the parabolic profile. The six velocity profiles that are used (plug flow, linear flow, combinations of plug and linear flow, parabolic flow) are surveyed in figure 4. It will be shown in successive subsections that the growth rate can be expressed in general terms for all models. From this expression an important parameter can be deduced which is a measure of the amount of growth species that are actually incorporated and which is used as a check of the validity of the models. Therefore this parameter will be derived first. Next the various models are derived.
The equations concerning concentration C ( x , y ) and growth rate R ( x ) as functions of ( x , y ) and x , respectively, will be written using a number of dimensionless parameters, such as x/h, y/h, D(T(y))/u,h, C(x, y)/C, and R(x)/u,C,, in order to obtain results that are more generally applicable.
General properties and total deposition check parameter o
For all models it will be shown that the growth rate is expressed as a summation of terms, given by (note the dimensionless parameters)
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(equation (10)) an expression for W, can be derived, where the suffix n denotes the number of terms used:
It should furthermore be noted that W, equals W by definition. The total deposition check o is a useful tool in determining the validity of a model and will be used throughout this series of papers. In most cases it suffices to use only one term, thus
Furthermore it will be shown that A is proportional to the input concentration of the group I11 component C, and that B is inversely proportional to u,h:
A model is believed to be valid and correct if it meets the condition that all growth species are built into the crystal if a reactor of infinite length is used. The 'total deposition check' parameter o, defined as (13) is a measure of the validity of the model: the total amount of input growth species ( N o bhuoCo) must equal the total amount of incorporated species. Therefore W should be equal to 1. Substituting the previous expression for the growth rate equation (1 1) in equation (13) yields
If the growth rate is expressed with more than one term
Model 1, plug-flow profile
The case of a constant velocity profile u(y) U,, see figure 4 (a), also known as plug flow, results in a partial differential equation that is a considerable simplification of equation (2). This equation can be solved using the separation of variables method. Introducing the coordinate p (p = y/h) yields the following partial differential equation to be solved:
Substitution of C(x, p ) = X(x)P@) in the partial differential equation (16), rearranging and equating to (with a modest amount of foresight) -I 2 yields:
The solution of equation (20) can be given as --A2.
(20)
From boundary condition equation (18) it follows that / 3 = 0; boundary condition equation (19) 
leads to
The general solution of the partial differential equation (16) is found from a linear combination of all separate solutions:
This is a Fourier series in p , transformation gives U, = 2 Jb'sin( 7 np) dp
Substitution of equation (25) into equation (23) and back to (x, y) coordinates gives the complete solution of the partial differential equation (16) that had to be solved:
The growth rate R(x) is derived using its definition equation ( and some algebra based on recurrence formulas of Bessel functions C241 it follows that
The roots 1, of equation (37) can be found numerically.
The five smallest values are given in table 2. The concentration C(x, p ) is now given by
When only the first term is used in the calculation of the growth rate, we obtain so that o1 = (Al/Bl) = 0.811.
Model 2, linear velocity profile (I)
The velocity profile u(y) is a linear function of y such that the total mass flux through the reactor equals the mass flux in the case of the parabolic profile, or
The velocity at the substrate surface is zero, hence
This velocity profile is depicted in figure 4 (b). Coordinate transformation ( p = y/h), substitution of C(x, p ) = X(x)P(p) in the partial differential equation (16) (33)
The left-hand term can be solved to yield
The right-hand term can be solved using Bessel functions; first this term must be rewritten as
The solutions can be found in [24] :
where J,(x) is a Bessel function of the first kind of order n.
The constants a and B are to be determined still from boundary conditions equations (17)- ( 19). From boundary condition equation (18) it follows that P(0) = 0, hence p = 0. From boundary condition equation (19) (38) The prefactor a, can be found by substituting equation (38) The right-hand term equals zero for n # m. For n = m the right-hand term equals 3a,Jfi3 (3,4,) (see [24] ). Hence with 4 = 3 1 ,~~'~ it follows that It can be derived that 
D ( T ) ' ). (48)
Performing the total deposition check of equation ( 
The derivation of the expression for the growth rate R(x) is analogous to the one of model 2, hence (only the first term is given)
U0 CO U0 h The total deposition check yields m, = 2.08, which is an unrealistic figure, resulting from the fact that this velocity profile approximates the parabolic profile only for small values of the height y (0 y < ah) and not for all values.
The total mass flux through the reactor is more than twice the mass flux in the case of the parabolic profile.
Model 4, asymmetric combination of linear velocity profile and plug flow
To approximate the parabolic profile just above the susceptor (0 < y < ah) and at the same time to obtain a correct total mass flux, a linear velocity profile is combined with a plug-flow profile to obtain the following asymmetric velocity profile (see figure 4(d) ):
The set of boundary conditions equations (17)- (19) is extended with two conditions that represent the continuity of the concentration profile C(x, y) at y = ah, thus
Coordinate transformation (p = y/h), substitution of C(x, p ) = X(x)P(p) in the partial differential equation (16) and using the velocity profile equation (51) yields for the two regions:
Analogous to 83.3 it follows $uoh2 1 dX,(x) From equation (63) The result of this procedure for U; is shown in 
The values of A,, and B,, are given in 
Model 5, symmetric combination of linear velocity profile and plug flow
The linear velocity profile can be combined with plug flow in such a way that one obtains a symmetric profile. This is done to approximate the parabolic profile as well as possible. The velocity profile is divided into three regions, as follows (see figure *e)):
The parameters a, and b, are found to be (the total mass flux equals uoh):
In the special case that a, is approximated by the slope of the tangent of the parabolic profile at y = 0 (i.e. U, = 6) it follows that dparabolic = 0.211h and b, = 1.268. The set of boundary conditions equations (17)- (19) is extended with four conditions that represent the continuity of the concentration profile C(x, y) at y = 6 and y = h -6 thus (i) 0 < p < 6/h (region 1).
Analogous to 43.3 it follows
From boundary condition equation (18) (p = 0) the concentration profile in region 1, C,(x, y), is obtained: (iii) 1 -6/h < p < 1 (region 3).
It is more convenient to use the coordinate p'( = 1 -p ) instead of p in this region. It follows u,uOh2 1 dX3(x) 1 d2P3(p') D(T) X,(x) dx P,(p')p' dp"
" " " "
- -v2 (79) so that the concentration profile in region 3, C,(x, y), is given as From boundary condition equation (19) (p' = 0) it follows that B; = 0, therefore:
The extra boundary conditions equation (72) at p = 6/h and p' = 6/h couple the concentration profiles in the three regions for all x 2 0; therefore all corresponding terms (n = m = k) of C,(x, y), C2(x, y ) and C,(x, y) are coupled. Hence, for all n = 1,2,3, . . . , it follows Furthermore one obtains for every It:
(ii) 6/h < p < l -S/h (region 2).
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with Some algebra then yields
For every 6(0 6 )h) the roots p, can be found using equation (86); the other parameters are determined using the boundary condition at the beginning of the reactor (equation (17)). In table 6 the parameters p,, a,, U:, B:,, a:, are calculated using 6 = dparabolic = 0.211h. The growth rate R(x) can now be given as
The values of A , and B, are given in table 6 for n = 1 to 5 using 6 = dparabolic = 0.21 1 h. Already for relatively small values of x the first term of equation (87) gives a sufficiently good description of the growth rate, hence
Performing the total deposition check of equation (91) using 6 = bparabolic = 0.211h yields o1 = 0.882; values of on for n = 1 to 5 are given in table 6. The dependence of the parameters A , and B, on the value of 6/h is depicted in figure 8 . For 6 + 0 the parameters A , and B, approach the values calculated in the case of plug flow, which is to be expected. Note that the change in the exponential parameter B, is only 1 % with respect to the B, as calculated for 6 = 6parabolic --0.21 1 h.
Model 6, parabolic velocity profile
The exact velocity profile in the diffusion-controlled regime in the isothermal case is parabolic [lo] (see figure   4 (f 1) : Table 6 . Parameters of model 5 (6 = 6parabcl,c = 0.211h). Coordinate transformation ( p = y/h) and substitution of C(x, p ) = X(x)P(p) in the partial differential equation (93) yields
/ h
(94)
The left-hand term of equation (94) results in
The right-hand term can be solved using parabolic cylinder functions [25] ; first this term must be rewritten as Equation (96) 
The values of A, and B, are given in table 9 for n = 1 to 5.
For relatively small values of x the first term of equation (106) gives a sufficiently good description for the growth rate, hence
( 1 10) Performing the total deposition check of equation (1 11) yields w1 = 0.896; values of CO, for n = 1 to 5 are given in table 9.
Comparison between models 1, 2, 4, 5 and 6
From the previous subsections it follows that the growth rate R ( x ) can always be written in the general form where the constants A, and B, are determined by the velocity profile used. In nearly all cases the first term contributes more than 90% to the complete expression. Therefore it can be stated that in good approximation the growth rate can be described by as was already assumed in $3.1. Deviations appear to be small ( 10 %) and are caused mainly by the entrance region. In figure 9 the concentration profiles of models 1, 2'4'5 (6 = Bparabolic) and 6 are plotted as a function of y / h at (D(T)/uoh)(x/h) = 0.5. For all models only the first term is used in the calculation. Taking into account models 1'5 and 6, it is clear that the concentration curves differ only a few per cent. This stems from the fact that the velocity profile of these models is symmetric around y / h = 0.5. The same effect can be seen in figure 10 , where the growth rate is shown as function of (D(T)/u, h)(x/h) for models 1'2'4, 5 and 6. Here also the first term is used in the calculation only. The important conclusion that follows from these figures is that the parabolic velocity calculation is done using only the first term. Note that the results for models 1, 5 and 6 are roughly the same. profile is best approximated using model 5 with 6 = Bparabolic = 0.211h. Furthermore it is clear that in the case of models 1, 5 and 6 the results are approximately the same (within -10 x). This is an important observation, because it suggests that the plug-flow profile may be used instead of the parabolic profile to derive concentration profiles and growth rates. This facilitates the calculations considerably. The fact that the growth rate as calculated with models 1 (plug flow) and 5 agrees so well with the one as calculated with model 6 (parabolic flow) originates from the small differences of the first exponential terms B , . This is due to the fact that these models possess a symmetric velocity profile. For convenience these terms ( B ) are listed again in table 10, where also the constant A is given for the models 1,2,4,5 and 6. In conclusion it can be stated that although small errors are introduced in the calculations using the plug-flow profile, we still favour the use of this profile because of its simple, though realistic results. Therefore in following publications 116-183 the plug-flow profile will be used instead of the parabolic profile to derive concentration profiles and growth rates.
Influence of surface klnetlcs
In this section a model is derived for the regime where the growth is limited by a surface reaction. This model is then combined with the above described model for the diffusion-controlled regime (i.e. model 1, plug flow). Both models are derived in the isothermal case with T(y) = T constant.
Model 7, growth limited by surface kinetics
If the gas-phase diffusion is very fast in comparison with the surface reaction a homogeneous gas phase results: the concentration C(x, y) has become independent of y (thus C(x, y) = C(x)). If a first-order surface reaction or adsorption is assumed, with reaction rate constant k, the following differential equation results in
The rate constant k is a function of the substrate temperature T, as follows: where k, is the Boltzmann constant, h, the Planck constant and E , the activation energy for the rate limiting step. Solving equation (1 13) using boundary condition equation (3) yields The growth rate R(x) then is given as (note that
It will be clear that this model is (nearly) independent of the velocity and temperature profile of the gas phase. This model can be applied for the description of processes that are completely surface catalysed, e.g. MOVPE of
GaAs at T, < 500 "C.
Combination of growth limited by surface kinetics and diffusion-controlled growth, model 8
The two extreme cases, i.e. growth limited by surface kinetics (model 7) on the one hand and diffusion-controlled growth (model 1, plug flow) on the other, can easily be combined. The partial differential equation that is to be solved is the same as in previous sections (i.e. equation (16)). Note that the plug-flow profile is used. The only difference is that the boundary condition equation (18) (the concentration of growth species equals zero at the substrate surface) must be changed. Assuming a first-order reaction with reaction rate constant k the boundary condition now becomes (using p = y/h):
This can be rewritten using the well-known dimensionless CVD number 126,271 so as to yield
The separation of variables method (C(x, p ) = X(x)P(p)) gives, as before (see §3. For a range of values of NcvD (0-00) the A,, and p,, can be found by the previously described least-squares fitting method (see $3.5). The growth rate R ( x ) is now:
The two limiting cases (1) NcvD = 0 and (2) NcvD = CO yield an exponential factor of (k(T,)/u,)(x/h) and $71' (D(T,)/v,h)(x/h) (first term), respectively, which was to be expected (cf model 7 and 1)). The transition from kinetically to diffusion-controlled growth occurs at NCVD = n2/4, which is easily calculated by equating the exponential factors in the two limiting cases and using the definition of the CVD number. In figure 11 the exponential factor A: is shown as a function of NcvD. It follows that for NcvD > &' the growth is diffusion controlled (thus independent of NcvD), whereas for NCvD < an' the growth is controlled by surface kinetics (NcvD dependency). Figure 12 shows the NcvD dependency of the total deposition check parameter W, for n = 1, 5 and 10. It follows that for NcvD > &* the growth is diffusion controlled (one term is not enough to describe the growth), whereas for NcvD < an' the growth is con- trolled by surface kinetics (one term only (n = 1) is sufficient). In figure 13 the growth rate R(x)h/C,D(T) is plotted as a function of (D(T)/u,h)(x/h) for three values of NCVD, i.e. 0.1, 1.0 and 10. For small NcvD no depletion occurs, but the growth rate is small. Higher NCVD yields a higher growth rate, but also an increased depletion effect.
Conclusion
It is found that for all models an expression for the growth rate can be derived, which is a summation over a number of terms. The first term contributes in nearly all cases more than 90 % to the complete expression. Therefore the growth rate can be described-in good approximation-by where the constants A and B are determined by the velocity profile used. Because of the correspondence of the results obtained for the concentration profile and growth rate between model 1 (plug flow) and model 6 (parabolic profile) the plug-flow profile may be used in the calculation of the concentration profile and growth rate in future models [16-181. A model in which growth limited by surface kinetics (model 7) and diffusioncontrolled growth (model 1, plug flow) are combined is derived (model 8) using CVD number NcvD. In the limiting cases (1) NcvD = 0 and (2) NcvD = c c this model converges to model 7 and model 1, respectively, with a cross-over point at NCvD $r2. In a forthcoming paper [l61 a temperature gradient will be introduced and the effect of thermodiffussion will be studied. The derived models will then be applied to the growth of Si [17] , GaAs [17, 181 and AlGaAs [l81 and confronted with experimental growth results as found in e.g. [14] .
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Appendix 1. Effect of deposition on reactor side walls
All the models treated so far are based on the assumption that the reactor is of infinite width (assumption g), so as to reduce the problem to a two-dimensional one. This assumption has been made plausible above (52.1) in the sense that only a small error is made using the assumption. This appendix treats the effect of the presence of reactor side walls using model 1 (isothermal, diffusioncontrolled growth, plug flow). Two cases can be distinguished: (i) no deposition occurs upon the side walls and (ii) deposition does occur upon the side walls. In both cases the following partial differential equation has to be solved:
The two cases can be distinguished boundary conditions. 
--A2.
(A1.7)
Solving the left-hand term yields: 
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The complete solution then is obtained by summing all separate solutions, yielding:
(A1.13)
The factor urn," is determined using boundary condition equation (A1.6) and a double Fourier transformation; this gives u0,n = j dz.
(2n -1)bn , It follows that urn,n = 0 for all m # 0, hence the expression for the growth rate is exactly the same as derived 31 previously for model 1 (equation (27)):
The conclusion is that the growth rate is independent of the z coordinate in the case that no deposition occurs at the side walls, which was made plausible above in $2.1 (see figure 3) .
A.1.2. Deposition upon side walls
In the case of deposition upon the side walls the derivation goes analogous to the previous one in SA.1.1. However, boundary conditions equations (A1.4) and (A1.5) must be replaced by:
It should be remarked that it is assumed that the deposition upon the side walls is the same as on the susceptor. This will not be true in practice, because of the strong temperature gradient in the gas phase, which results in a strong temperature gradient that exists at the side walls in the y direction. The result of the derivation is The growth rate can be rewritten as a product of two functions f(s, t ) and g(x):
The function g(x) is equal to the expression for the growth rate if no deposition occurs at the side walls (equation (27) in $3.2 and equation (A.15) in gA.1.1) . The dimensionless functions f(s, t ) varies between 1 and 0 and can be seen as a correction to g(x). For t = 0 ( x = 0 or b + 00) f ( s , t ) reaches its maximum (1) and is independent of S. In figures 14 and 15 the correction function f(s, t ) is depicted as function of the lateral ( S ) and axial ( t ) position, respectively. It appears that the correction function f(s, t ) is independent of the height h of the reactor, whereas the surface on to which crystal growth occurs (i.e. the side walls) does depend on h. The width b of the reactor has a strong influence on f(s, t). For sufficiently small values of t it follows that there exists a region in the middle of the reactor where f(s, t ) is nearly independent of S. In table 11 some values of s and t are listed for which f(s, t ) equals 0.99 and 0.9, respectively.
Although the expression for the growth rate with the correction function f(s, t ) has been derived for a relatively simple model (isothermal, diffusion-controlled growth, plug flow), it is expected that also for more complex models the growth rate can be described as a product of a growth rate and a correction function similar to f(s, t). Therefore it is concluded that the growth rate is nearly independent of the z coordinate in the case that deposition occurs at the side walls (see $2.1). 
32
Isothermal analytical MOVPE growth models 
Appendix 2. Effect of axial diffuslon
To study the influence of diffusion of growth components in the axial direction (x) model 1 (isothermal, diffusioncontrolled growth, plug flow) is used. The following partial differential equation has to be solved:
The boundary conditions are the same as in $3.2, i.e. equations (17) Under this condition equation (A2.5) equals the expression for the growth rate as derived in $3.2 (equation (27)), however, this condition cannot always be met. The exact ratio r(x) of the growth rate without and with axial diffusion, respectively, is given by r(x) = Rwithout(X) Rwith(X) with
The ratio r(x) is shown in figure 16 . For small t the ratio r(x) is nearly independent oft and r(x) reaches 1 fast with increasing S. For large t the ratio r(x) depends strongly on t and decreases fast to 0. It should be noted that S and t are coupled variables through D(T), uo and x. Effects related to axial diffusion may safely be neglected in cases where S > 30 and t < 1. In a reactor with h = 2 cm and
The solution of the left-hand term is X(x) = y exp( -p + x) + 6 exp( -p -x) (A2.4) t Figure 16 . The ratio r ( x ) indicating the importance of axial diffusion as a function of t with S as parameter.
T = 700 "C we typically use uo = 10 cm S-l , which must be corrected to roughly twice its value [16] . With D(T) = Do(T/To)l.' and D , = 0.6 cm2 s -l (TMG) C281 we then arrive at r(x) = 0.97 for x = 8 cm and r(x) = 0.95 for x = 16 cm. A velocity U,, of 5 cm S-results in r(x) = 0.92 and 0.83 for x = 8 and 16 cm, respectively. Therefore it appears that the effect of axial diffusion becomes stronger towards the end of the susceptor, which is to be expected as the axial diffusion term in equation (A2.1) increases with x .
The corrected expression for the growth rate has been derived for a relatively simple model (isothermal, diffusion-controlled growth, plug flow); it is nevertheless expected that the small deviations found are similar for more complex models. Therefore it is concluded that the growth rate is nearly independent of axial diffusion of the growth components, as is also concluded in [8], provided that a susceptor is used which is not too long. 
